The addition of steam to the combustion process is a promising avenue, in order to reduce harmful emissions and simultaneously increase the efficiency. In contrast to traditional flames where the heat release exhibits a thin flame front, operating under high levels of steam dilution leads to further distributed flames with less steep temperature gradients. It is shown that a non-diluted flame suppresses the occurrence of a helical instability present at isothermal conditions. Injecting high amounts of steam alters the flow field and the helical structure is re-established. This report is dedicated to the simulation of methane flames with high steam contents applying Large Eddy Simulations and detailed chemistry in a model gas turbine combustor. A suitable reaction scheme is identified and is then employed for the simulations of the reacting flow. For the validation of the simulations OH * chemiluminescence recordings and PIV measurements serve as a reference.
Introduction
For reducing harmful emissions, current combustion devices operate under lean premixed swirl-stabilized conditions. This approach reduces the peak temperature and, thus, the NOx emissions, but may lead to flame instabilities and higher fractions of UHC & CO emissions. Another promising way is to directly add high amounts of steam to the combustion process at near stoichiometric conditions. Such humidified gas turbines allow for high cycle efficiency without the need of a separate steam turbine, as is the case for combined cycles. In addition to efficiency gains, the injection of steam to the combustion process reduces NO x emissions. It increases the specific heat capacity and, thus lowers the peak temperature. Supplementary to the thermodynamic influence of the steam, it alters the NO x formation pathways (Bhargava, et al., 2000) .
Recently, Terhaar, et al. (2011) revealed that the steam addition had a significant influence on the flame position and shape, as well as the turbulent length scales. It is well known that swirling flows undergoing vortex breakdown often feature a helical flow instability (Terhaar and Paschereit, 2012) , which is usually referred to as Precessing Vortex Core (PVC). Stöhr, et al. (2012) observed that the occurrence of a PVC increases flame stabilization due to better mixing and recirculation of combustion products. Terhaar and Paschereit (2012) showed that by adding steam to the combustion process the flow field changed and was closely linked to the occurrence of helical instabilities.
Within the scope of the present study the flame shape and position, the flow field, and the coherent structures in dependence of the steam content are investigated by applying Large Eddy Simulation (LES) with detailed chemistry. Firstly, the geometry, the experimental, and numerical techniques are presented. Secondly, an adequate detailed reaction mechanism is identified by performing one-dimensional laminar premixed flame calculations. Subsequently, the mechanism
Experimental Setup
The reacting flow experiments were conducted in a gas-fired test rig under atmospheric conditions. As fuel, natural gas was used. The air was preheated and mixed with overheated steam before entering the burner. In order to provide optical access, the combustion chamber consists of a cylindrical silica glass followed by a water-cooled exhaust tube. The optical access allows for the application of Particle Image Velocimetry (PIV). The flame shape and position was assessed by recording its OH * chemiluminescence employing an ICCD camera. In order to recover the radial intensity distribution the averaged images were decomposed applying an inverse Abel transformation (Jaffe, et al., 1991) . Further information on the experimental setup is provided in (Terhaar and Paschereit, 2012) . In order to asses the influence of steam on the combustion process, two cases were conducted. The first case is carried out with the absence of steam (Ω = 0%), and will be denoted as "dry" in the following. The second case was conducted at high steam contents (Ω = 30%), and is denoted as "wet". The steam content is defined as the ratio of the mass flow rate of steam to the mass flow rate of air:
During the experiments, the total mass flow rate of air plus steam was kept constant. Furthermore, to guarantee comparability the adiabatic flame temperature (T ad = 1850 K) was kept constant for both cases. As a set of operating conditions for both cases atmospheric pressure, inlet temperature of T u = 620 K, an equivalence ratio of Φ = 0.56 for the dry case and Φ = 0.92 for the wet case were used. For both cases the total mass flow rate was The domain is adopted from the experimental setup as shown in Fig. 1 . Only the length of the combustion chamber was truncated to keep the computational cost reasonable. The characteristic length was chosen to be the hydraulic diameter D h = 20 mm at the burner exit.
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Numerical Methods and Subgrid Scale Modeling
The basic equations describing the motion of a reacting fluid are the balance equations of momentum, mass, species and energy. In the LES framework a "low-pass" filter is applied (Poinsot and Veynante, 2005) . This leads to unclosed terms, which are usually denoted as subgrid scales (SGS). The Favre averaged filtered equations read as follows: Continuity:
Momentum (i = 1, 2, 3):
in which the superscripts − and ∼ denote filtered and Favre filtered quantities respectively. Additionally, u i is the velocity component, ϱ the density, p the pressure, µ the dynamic viscosity, F i a volume force and τ i j is an unclosed term, usually denoted as the subgrid scale stress tensor. The mass conservation equation for chemical species k is described as follows:
where Y k is the mass fraction of the species k,ω k is the reaction rate and J k i is the i-component of the laminar diffusive flux of species k. For the conservation of energy, the enthalpy balance equation is employed, where a low Mach number assumption is regarded:
Here,
2 is the total enthalpy and can be described by the specific enthalpy h. In Equation 5 µ denotes the dynamic viscosity of the fluid, µ t the eddy viscosity and Pr = 0.7 the Prandtl number. Regarding a low Mach number approximation results in an additional simplified equation of state, where the density is a function of the temperature and the composition only.
Since the filtering is assumed to be a linear function and, therefore, to be commutative with the derivates, it is not valid for the non-linear terms and cannot be described by filtered variables. Hence, these unclosed terms are gathered on the right-hand side and usually denoted as subgrid scale (SGS) terms. In the present study the SGS term is modeled by the classical Smagorinsky approach (Smagorinsky, 1963) , where the unresolved stress tensor τ i j = ϱ u i u j − ϱũ iũ j is modeled by the Boussinesq hypothesis. This hypothesis considers the unresolved turbulence as an increase in viscosity. The filter length scale is the cubic root of the local grid cell volume. The Smagorinsky constant was set to C s = 0.1683.
Employing combustion chemistry into LES involves finding a suitable model to solve the filtered species equations, containing the filtered reaction ratesω. Different avenues have been used for modeling the filtered reaction rates. Recently modern methods have been proposed that were specifically designed for the LES framework (Poinsot and Veynante, 2005 While methods like the Flamelet Model (FM) (Pitsch and de Lageneste, 2003) , the Eddy Dissipation Concept (EDC) (Giacomazzi and Battaglia, 2004) , the Partially Stirred Reactor (PaSR) (Fureby, 2007) , and Filtered Density Function (FDF) models (Raman and Pitsch, 2007) have counter-parts in the RANS framework, the Implicit LES (ILES) (Duwig, 2011) , the Thickend Flame Model (TFM) (Butler and O'Rourke, 1977) , and the Linear Eddy Model (LEM) (Sen and Menon, 2010) are solely valid for LES applications. Adding a large amount of steam to the reactants spreads the heat release peak. Therefore, the investigated flame is characterized by a relatively high Karlovitz number. The Karlovitz number Ka can be calculated as:
where u ′ is the velocity fluctuation, S L the laminar flame velocity, and δ the flame thickness. The Damköhler number Da can be determined similarly:
The calculations of the global Ka and Da for both cases is listed in Table 2 . The velocity fluctuation u ′ was calculated from incompressible LES. The thermal thickness δ and the laminar flame velocity S L were calculated with the one-dimensional approach using the GRI reaction scheme (Smith, et al., 2000) . With such a high Karlovitz and Damköhler number, the turbulent integral scale is larger than the chemical time scale. Thus, the Kolmogorov scales are smaller than the flame thickness, and the inner flame structure may be affected. This flame regime is well known as the "thickened flame regime" or "distributed reaction zone" (Poinsot and Veynante, 2005) . The combustion regimes for both cases are plotted in the combustion diagram in Fig. 2 . The combustion regimes are presented as a function of length ratio (turbulent length scale l 0 and thermal thickness δ) and velocity ratio (turbulent fluctuation u ′ and laminar burning velocity S L ) using a log-log scale. Therefore, the flame is definitely subject to strong finite rate chemistry effects. Suitable candidates for resolving this effect are ILES, TFM, LEM, EDC, PaSR and FDF. LEM and transported FDF are very cost intensive. EDC and PaSR feature intermediate CPU cost. Presumed FDF, ILES, and TFM keep the CPU cost at reasonable level and have the attractive feature of handling detailed chemistry naturally and with reasonable extra cost. The present study focuses on using ILES. The ILES model computes directly the reaction rate of the k-th species through an Arrhenius expression. According to (Duwig, 2011) and (Duwig, 2013 ) the filtered reaction terms for species j are given by:
Equation (8) would fail in the RANS framework, but is valid for laminar flow simulation and direct numerical simulation (DNS). LES being intermediate between RANS and DNS, the validity of Eq. (8) depends on the relative grid resolution and also on the subgrid physics. Although using a typical LES-grid, far from DNS, Eq. (8) was shown to approximate reasonably well the reaction rate as reported Fureby (2007) . These studies suggest that ILES is an eligible approach for combustion simulation and that it may perform equally well compared to other closures. The idea behind the ILES is that each cell is a perfectly-stirred reactor, and thus that the subgrid mixing is faster than chemical reactions. Therefore, a very intense subgrid mixing is required to ensure that the filter box, or LES grid cell, is homogeneous. Recent studies by Duwig (Duwig, et al. 2011) and (Duwig and Dunn, 2013) showed that the local Ka distributions are one to two order of magnitudes broader than Karlovitz number Ka calculated from global quantities. Thus, the global Karlovitz number gives a lower bound for the distribution. An alternative measure is the thickening factor F. The factor F is usually computed in order to be able to resolve the flame front on 3 − 5 grid points: where ∆ = 2 · 10 −4 mm represents a characteristic element size in the shear layer. F is usually less sensitive than the local Damköhler number Da, as it does not account for the subgrid stirring. Thus, the thickening factor F is an indicator of the ILES closure, which complements the local Damköhler and Karlovitz number. As a consequence F may be computed in advance to a simulation and hence serve as an indicator for the validity of ILES. The domain of validity of the ILES combustion closure corresponds to F close to or below 3 (Duwig, 2011) . The computation of F for both cases as listed in Table 2 indicates that the present flame falls well into the domain of validity of ILES and the reaction brush is indeed resolved on the LES grid. The simulations have been conducted using the open-source framework OpenFOAM. To handle the combustion process even at wet conditions, a customized solver for low Mach number reacting flows was used. The pressure velocity coupling is performed applying the PISO algorithm, ensuring that continuity is satisfied. Second order differencing is used for all spatial derivatives, except for the convective terms in the enthalpy and the mass fraction equations. In order to avoid non-physical overshoots the convective terms are treated using a second order accurate total-variation-diminishing (TVD) scheme. The time derivates are treated using a second order upwind scheme and time integration is done implicitly in a sequential manner. For all variables at the inlet a Dirichlet boundary condition is enforced except for the pressure, which uses a zero-gradient condition (Neumann). Similarly, the out flow is treated using zero-gradient for all variables. Non-slip walls (zero velocity) are used with zero gradient for the other variables except for the temperature, for which a constant wall temperature was set. When working in the lean perfectly premixed (LPP) regime in gas turbine combustors radiation is usually neglected, due to the fact that the temperatures are low and that molecular nitrogen (N 2 ) as the main bath features a low radiation efficiency. However, when incorporating large amounts of steam the impact of radiation on the heat transfer mechanisms increase, especially in the postcombustion phase, as reported by Göke (2012) . Nevertheless, radiation is neglected in the present study because it is assumed to play a less important role in the process of flame stabilization, which is the main focus of the this study. Further information on the solver and the used discretization scheme may be found in Krüger, et al. (2013a) .
Reaction Modeling
In order to identify a suitable reaction mechanism one-dimensional computations were assessed using the opensource software Cantera. The software includes important effects, as thermal diffusion and multicomponent diffusion. For a one-dimensional problem the governing equations for energy and mass fractions are reduced to a system of Ordinary Differential Equations in the axial coordinate. The numerical method is based on a hybrid Newton/time-stepping algorithm to solve the equations. The grid was adaptively refined to ensure sufficiently resolved gradients. Two reaction schemes were employed in this study. The first reaction scheme is the GRI 3.0 (Smith, et al., 2000) since it serves as a (Poinsot and Veynante, 2005) . . reference for methane combustion and is used by many researchers. The model consists of 52 species and 325 elementary reactions. In addition the skeletal mechanism DRM 22 (Kazakov and Frenklach, 1994 ) (24 species, 104 reactions) was used, which is a derivate of the GRI 1.2. Since none of the aforementioned mechanisms feature the formation of OH * , both mechanisms were extended by the OH * subset of Nori and Seitzman (2009) . This includes one additional species and 12 reactions. Based on their respective performance, LES simulations were conducted employing the most suitable reaction mechanism. Lumley (1967) started from the idea, that most containing kinetic energy eddies are of the highest interest and projected a turbulent flow field on a vector base that maximizes the turbulent kinetic energy for any vector base. This modal decomposition is denoted as Proper Orthogonal Decomposition (POD). It allows describing a turbulent flow by using only a few modes. The POD reads as follows:
Proper Orthogonal Decomposition
Here, the zero-th eigenfunction Φ 0 corresponds to the mean field, a i (t) are the time coefficients and Φ i are the base of the spatial eigenfunctions. The approximation of Q N of the dataset Q converges to Q for N approaching infinity. More detailed information on the POD method and applying it to turbulent flows may be found in (Berkooz, et al., 1993) .
Numerical Setup
For both cases, an unstructured grid with 1.5 million polyhedral cells and 7.4 millions nodes was used. The mesh was refined in the area where sharp gradients were expected, especially in the inner shear layer. It has been argued (Bagget, et al., 1997) that the use of the Taylor microscale can be used as an indicator for a sufficient mesh resolution. The applied grid resolution resulted in a Taylor turbulent length scale of λ f ≈ 0.12D h for the presented cases. Thus, the smallest resolved scales are in the inertial range of the turbulent spectrum and the grid resolution is supposed to be sufficient for performing LES. In addition a detailed grid sensitivity study was carried out as reported in (Krüger, et al., 2013b) showing that an increase of the grid resolution for the present grid does not change the mean and RMS fields significantly. Beside the operation conditions listed in Table 1 , a wall temperature (T = 850 K) was set for the walls of the combustion chamber, because it was observed in previous investigations (Krüger, et al., 2013a ) that heat losses through the walls have a major impact on the flame prediction.
The computations were performed at North-German Supercomputing Alliance (HLRN) facilities on 128 CPU cores and run for about 264 hours of wall-clock time each.
Results and Discussion
One-Dimensional Flame Analysis
The laminar burning velocity (S L ) is defined as the local velocity at which the flame front propagates normal to itself into the fresh gas and is a key parameter in the characterization of a combustible mixture. Hence, the comparison of calculated flame speeds with corresponding measurements is of particular concern in order to identify a suitable reaction scheme for the Large Eddy Simulations. As the number of publications concerning highly steam diluted flames is still very limited, only the work of Mazas, et al. (2011) serves as a reference for the following analysis. Mazas and coworkers investigated a steam diluted methane flame up to molar fractions of 20% steam (Ω ≈ 30%) at ambient pressure and elevated oxygen concentration ( [O 2 ] /[O 2 +N 2 ] = 0.5). The laminar flame speeds were measured in a slot burner with the flame area method employing a Schlieren apparatus. The methane/air/steam compositions were conducted at an inlet temperature of T u = 373 K. Calculations of the laminar burning velocity in a one-dimensional freely propagating flame were performed using the GRI 3.0 (Smith, et al., 2000) and the DRM 22 (Kazakov and Frenklach, 1994 ) reaction schemes. Figure 3 depicts the results for the burning velocity at T u = 373 K at different steam contents. In absence of steam, both mechanisms are generally in good agreement with the measurements. At higher equivalence ratios, the deviations between the reaction schemes become more apparent. With raising steam content, the burning velocity decreases significantly and both schemes differ slightly from each other. Nevertheless, even at high steam contents, both mechanisms are close to the experimental data.
With respect to the findings, it is assumed that the DRM mechanism is a suitable mechanism for steam diluted methane flames. Due to the fact that the DRM mechanism consists of significantly less species than the GRI mechanism Experimental data according to Mazas (Mazas, et al., 2011). and is less stiff, the DRM mechanism is used for the following LES simulations to keep the CPU cost at a reasonable level.
Large Eddy Simulations 6.2.1. Flow Field
The performed LES computations were conducted with an adjustable time step to ensure a maximum Courant number below 0.2. This resulted in an averaged time step of 10 −7 s. The results were time-averaged over 0.05 s after reaching a statistically steady state. The cases were performed at ambient pressure and an inlet temperature of T u = 620 K. Figure 4 depicts a comparison of the measured and simulated mean axial and radial velocities at different axial positions. The origin ( x /D h = 0.0) is located at the burner exit and the profiles are normalized by the burner exit velocity u 0 . Near the burner exit an inner recirculation zone is established due to vortex breakdown downstream of the sudden expansion. A shear layer is formed between the inner recirculation and the surrounding swirling flow, where high velocity gradients are present. For the dry case (Fig. 4(a) ) the LES over predicts the peak velocity for the radial velocity component near the burner exit. In addition, some differences in the near wall region can be observed. As can be seen the LES predicts a flat profile for the axial velocity near the burner exit, which is in line with the experiments. This profile indicates a typically V-flame anchoring mainly in the inner shear layer (Terhaar and Paschereit, 2012) . Further downstream ( x /D h = 2.0), the experiments show a flat profile for the axial velocity of the inner recirculation zone, which is less pronounced in the computation. However, the axial and radial velocities are in line with the experiments. For the wet case, the peaks of the axial velocity component are also slightly over predicted. Higher differences can be observed for the radial component downstream of the burner exit near the combustor walls. This can indicate an insufficient averaging time of the simulation. Nevertheless, the LES predictions agree qualitatively well with the measurements. According to (Terhaar and Paschereit, 2012 ) the observed profile can be attributed to an annular flame. Defining a single indicator which represents the flame is a challenging task, but a flame is approximately represented by the concentration of self-excited OH radicals. Therefore, OH * chemiluminescence recordings serve for a qualitative comparison with the computations. The recordings were transformed by an Abel inversion to give a view of the flame in a slice without losses induced by the integration through the line of sight. The algorithm for the Abel inversion was discussed in detail by Jaffe, et al. (1991) . Figure 5 shows the deconvoluted OH * chemiluminescence recordings as well as the streamwise slices of OH * mass fraction of the LES. The LES predicts a typical v-type flame formed by a non-reacting jet surrounded by a thin reaction layer. The maximum reaction zone is located downstream of the jet. As can be seen, the main reaction zone is well represented by the computation but is predicted shorter in direction of the shear layer. This may be attributed to an unfavorable setting of the wall heat losses. Because it is difficult to directly measure the temperature of the silica glass in the experiments, the temperature was measured further downstream at the exhaust tube. By adding steam to the flame, it can be observed that the flame distribution changes, as depicted in Fig. 6 . The main reaction zone is anchored further downstream and closer to the combustor walls compared to the dry flame. Moreover, the flame shows a larger spatial distributed reaction zone with a less steep gradient indicating that the heat release spreads. The prediction of the maximum of the heat release is in agreement with the experiments.
Coherent Structures
The extraction of coherent structures from turbulent flow fields is achieved by the application of Proper Orthogonal Decomposition (POD). The POD was processed for the dry (Ω ≈ 0%) and wet (Ω ≈ 30%) case in a longitudinal planar cross section for the axial velocity component. For every case a time series of 500 time steps was decomposed. Figure  7 shows the first three modes of the axial component for both cases. Herein the zero-th mode represents the mean axial velocity. For the dry case (Ω ≈ 0%) the first mode of the POD shows a clear symmetric pattern, which cannot be attributed to the occurrence of a coherent structure. This agrees well with the findings in (Terhaar and Paschereit, 2012) , where for the same configuration a similar pattern was observed and attributed to the existence of a V-flame. For the wet case (Fig.  7 , right column) it is evident that the axial modes exhibit an anti-symmetric pattern. The blue and the red structures are located pairwise and are caused by vortices. It can be deduced that the plot shows a cut through a helical structure. This helix is accompanied by a second co-winding helix. These finding indicate the existence of a helical instability. Figure 8 shows the energy captured by the first 20 modes. Apparently, for the dry case by far the most energy is captured in the first mode and does not indicate a direct linking to the subsequent modes. In contrast to that a direct linking of the first two modes is apparent for the wet case , indicating that the coherent structure contains a large share of the total turbulent energy. In order to visualize the coherent structure García-Villalba (2006) pointed out that the helical instability is marked by a minimum in the pressure fluctuation distribution of the swirling flow. Figure 9 shows the helical instability through an isosurface of the pressure for two different angles for the wet case. An random time step was chosen. This helical instability was also observed in the experiments (Terhaar and Paschereit, 2012) for wet and isothermal conditions. For a dry reactive case the helical instability was completely suppressed. The suppression of the instability was recently linked to the stabilizing effect of steep lateral density gradients in the inner shear layer (Oberleithner, et al., 2013) . By adding steam, the lateral density gradient decreases in the inner shear layer resulting in a reappearance of a helical instability. Thus, it can be deduced that the simulations are in line with the experimental findings of Oberleithner, et al., (2013) , and Terhaar and Paschereit (2012) . Fig. 9 Visualization of the coherent structure from two different angles for the wet case (Ω = 30%). The structure is represented by a iso-pressure contour.
Conclusion
Although the combustion with high levels of steam dilution is a promising avenue to reduce harmful emissions and increase efficiency, the effects of steam on the combustion process and the flow field are not sufficiently understood. Therefore, Large Eddy Simulations were conducted to investigate the effect of steam in the combustion process on the suppression or occurrence of coherent structures. In a first step a suitable reaction scheme was identified employing onedimensional laminar premixed flame calculations. It was found that the DRM reaction scheme is a suitable candidate to compute steam diluted flames. In a second step, the mechanism was used for simulating a turbulent flame in a generic burner fed with methane and humidified air. The simulations of the reacting flow were conducted under atmospheric conditions and the steam-air-ratio was varied between 0% and 30%. It was shown that by adding steam, the heat release spreads and the flame is anchored further downstream. Moreover, the velocity field predicted by the computations were in line with the measurements. The flame shape and position agreed well for the dry and the wet case. By applying a POD it was shown that for the dry case a helical structure is suppressed, while the instability reappears for the wet case. This is in line with previous findings. Finally, it was shown that the LES was able to predict the reacting flow field by applying Implicit LES in combination with detailed chemistry.
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